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Abstract 
This paper examines the relationship between smoke layer properties and luminous quantities such as floor illuminance and surface 
luminance of smoke layer by conducting photometrical experiments under a smoke layer configuration with white smoke from 
smoldering fire source. The floor illuminance and surface luminance on the smoke layer in the model test compartment are found to be 
dependent upon the size of light source, the distance between light source and the observed location, the smoke layer thickness ZCs and 
optical smoke density Cs. The scattering intensity of white smoke from smoldering fire increases as the Cs and ZCs increased and the 
extent of the increase is affected by size of light source and measurement points of floor illuminance. The surface luminance of the smoke 
layer has a distribution and the luminance at the light source center decreases with the increase of CsZCs, while the surface luminance to 
the ceiling increased with CsZCs. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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Nomenclature    Greek symbols 
C configuration factor   τ transmittance 
Cs  optical smoke density (1/m)  Subscripts 
E illuminance (lx)     s  in smoke layer 
M luminous exitance (lm/m2) 
Z smoke layer thickness (m) 
V volt (V) 
1. Introduction 
For rational evacuation plan in fire, it is important to take into account of the smoke spreading and following attenuation 
of visibility. A model was developed to predict the walking speed and psychological state for conditions that floor 
illuminance is given [1]. For applying the model to fire situation, it is necessary to predict the floor illuminance of rooms 
and passages under the environment induced by smoke spread in fire. 
We already proposed a simplified calculating model for floor illuminance in fire smoke based upon the smoke layer 
height and optical smoke density predicted by a two layer zone model which is widely used for predicting smoke movement 
in fire safety design. This simplified model is incorporating the practical method in the section of working surface for 
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calculating the indirect illuminance, the optical transmission model by point–by-point method with smoke adhesion. And 
we carried out experiments with water solution instead of smoke particles in order to the determination of hypothetical 
film’s transmission and reflectance in this model. This simplified model can be considered accurate enough for fire 
engineering design by the comparison between predicted data and experimental data, especially prediction for black 
particles. However, real smoke fire is not as stable as water solution, a model experiment was conducted on this study, using 
1/10 scale compartment to grasp the smoke particle’s properties on the light intensity, especially scattering intensity. Since 
it is remained an issue to be solved the scattering intensity for white particles, we treated smoldering white smoke 
conditions in this study. 
2. Experimental 
2.1. Experimental apparatus 
We carry out the experiments in a dark room which is built in General Building Research Corporation of Japan (GBRC). 
The outline of the experimental apparatus is shown in Figs. 1 and 2. It consists of four primary parts, i.e. a model 
compartment, a ceiling light chamber, a smoke duct and a smoke generation area. 
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Fig. 1. Experimental equipment. 
The smoke is generated by smouldering fire of cotton wick, introduced to the compartment through the smoke duct and 
eventually exhausted through a vent in the wall located at opposite of the inlet connected with smoke duct. A ceiling light 
chamber, which is equipped above the compartment, lights the compartment through a square-shaped acrylic pal panel in 
the ceiling. The interior surface of the compartment is painted black except light ceiling, whose reflectance is 0.038. The 
transmittance of the acrylic pal panel combined a heatproof glass is 0.80. We use six three-wavelength fluorescent lamps 
(natural white colour, 20 W) for light sources. The floor illuminance distribution, luminance at three positions on the smoke 
layer surface (light source center, light source edge and black ceiling), optical smoke density and heat distribution of the 
compartment are measured. The measurement locations of optical smoke density meters for Cs are shown in Fig. 1.  
The measurement locations of floor illuminance and luminance (opposite ceiling side) are shown in Fig. 2. The average 
optical smoke density, Cs, is measured at every one second by ten optical smoke density meters (Keyence, IB-01) from No. 
1 to No. 10 in Fig. 1. The floor illuminance is measured at every about three seconds by 21 illuminance meters with mini 
receptor heads (Konica Minolta, T-10 M) on the floor of the compartment in the apparatus, and covered a heatproof glass to 
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protect against heat and smoke adhesion. In addition, an illuminance meter is set in the lighting equipment for monitoring 
the variation of light conditions. The luminance is measured at every one second by luminance meters (Konica Minolta, LS-
100). We set the luminance meters below the compartment, and measure the focus points on the smoke layer surface by a 
45-degree tilted mirror. The heat distribution is measured at every one second by 14 thermocouples which are set vertically 
by 0.025 m-interval near the openings of smoke supply and exhaust in the compartment.  
 
Fig. 2. Locations of illuminance meters on the equipment floor (luminance meter’s location is antithetical, on the ceiling). 
2.2. Experimental method 
The white smoke is generated by smoldering cotton wicks, which are placed in the apparatus. The heat release rate of 
smoldering of cotton wicks is too small to obtain enough buoyancy to drive smoke flow to the compartment. So, prior to the 
start of measurement, the apparatus is heated with a gas burner for 30 minutes. The white smoke generated by the 
smouldering is slowly introduced to the compartment through the duct, being driven by buoyancy due to warmed air. The 
smoke layer is formed in the compartment of the apparatus. In advance, we checked that smoke particles made by cotton 
wicks do not adhere in the apparatus as our previous research [4]. During all stages of smoke spreading, from smoke filling 
to eventual smokeless state due to natural venting, the floor illuminance, luminance, optical smoke density of the smoke 
layer and temperature distribution are measured. Data is made by the average of each 10 seconds, up to 800 seconds after 
igniting the fire source. Once we judge that smoke layer is thick enough to be stable, the smoke thickness is measured by 
visual observation. 
2.3. Calculating method of optical smoke density (Cs) 
Five optical smoke density sensors (No. 1, 2, 5, 6 and 10 in Fig. 1) are put 25 mm below the ceiling, to measure the 
smoke density continuously. Here, the optical smoke density of smoke layer Cs is the average of all the measurement points 
within smoke layer. Relevant points are those scored within ±5% margin against the standard average voltage (100) of the 
data before fire starts. When the Cs is smaller than 0.1 (no smoke condition), data is omitted. 
Table 1. Difference between maximum and minimum value of measured results of five upper sensors 
experiment  A B C D E F G H 
valid sensor number 4 4 4 4 2 2 3 2 
maximum 0.095 0.188 0.160 0.087 0.065 0.117 0.072 0.339 
 time (s) 10 20 20 20 20 10 10 10 
minimum 0.000 0.006 0.001 0.000 0.000 0.000 0.000 0.000 
average 0.024 0.043 0.046 0.059 0.013 0.017 0.035 0.032 
standard variation 0.013 0.030 0.025 0.014 0.012 0.016 0.012 0.039 
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In order to check if the optical smoke density is distributed evenly, the statistics of measurement results of five upper 
sensors (maximum, minimum, average and standard variation) are shown in Table 1. The variation is greatest at 10-20 
seconds after fire source ignition, as high as 0.339 m-1, but overall average difference is limited to the range of 0.017~0.059  
m-1, so we conclude within smoke layer, the optical smoke density is evenly distributed. 
2.4. Calculating method of smoke layer thickness (Z) 
2.4.1. Smoke layer thickness (Zeye) by visual observation 
When we judge that smoke layer is thick enough to keep stable, the smoke thickness (Zeye) is measured by visual 
observation from the exhausting vent side. 
2.4.2. Smoke layer thickness (ZT) by heat distribution 
Using temperature distribution of thermocouples put in the exhaustion vent and smoke supply openings, based on N% 
method (N=20), the height at which smoke temperature rise reaches the peak of 20% is calculated and assumed to be the 
bottom of the smoke layer, to make calculation of smoke layer (ZT) possible. 
2.4.3. Smoke layer thickness (ZCs) by optical smoke density meters  
The optical smoke density meters, No. 11 and No. 12 in Fig. 1, are set to allow the light path to cross both the smoke 
layer and the air layer in the compartment (Fig. 3). We calculate the smoke layer thickness based on Cs (ZCs) as in Equation 
(1) through Equation (3). Cs is the average optical smoke density which is defined and measured in section 2.3. is the 
transmittance measured by a optical smoke density meter, which is defined by the ratio of the voltage with smoke (Vt) to the 
voltage without smoke (Vo) as Equation (1), and ds is the light path length in the smoke layer between the light emitter and 
the receptor. If the Cs value is less than 0.1 m-1, we do not calculate the ZCs value because there is no smoke. Because the 
height of model compartment of the equipment is 300 mm, the ZCs value greater than 300 is omitted. 
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Fig. 3. Measurement method of smoke layer thickness by optical smoke density meter. 
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2.5. Experimental conditions 
The experiment conditions are shown in Table 2. Number of cotton wicks, the smoke supply and exhaust opening height 
are differed to make different conditions in the optical smoke density and thickness.  
Table 2. Experimental conditions 
No. Size of light source (mm2) Cotton wicks (piece(g)) Supply opening height (mm) Exhaust opening height (mm) 
A 
10000(=100 100) 
24 (120) 50 250 
B 24 (120) 50 200 
C 12 (60) 50 200 
D 
40000(=200 200) 
12 (60) 100 250 
E 24 (120) 100 250 
F 24 (120) 100 200 
G 12 (60) 100 200 
H 36 (180) 100 200 
3. Results of smoke layer thickness 
3.1. Smoke layer thickness (ZT) by heat distribution 
Since we heat up the apparatus with a gas burner, the apparatus has been stratified into the two layers, i.e. a lower layer 
and an upper layer beforehand, and the upper layer becomes a smoke layer with the inflow of smoke. 
Figure 4 shows the smoke thickness of the supply opening side, the exhaust opening side and the average score ZT. 
Numbers in the parentheses indicate number of fire source, the height of supply opening, and the height of exhaust opening. 
From the fire starting to 800 seconds, the smoke thickness ZT is very stable. Except Experiment A, the difference between 
Zupper and Zlower is limited, the average of, 37.5 mm (minimum 8.4 and maximum 65.9 mm), so the smoke layer is considered 
parallel to the ceiling. Experiment A has a greater difference, so presumable smoke layer is shaped slope, making 
determination of the thickness difficult. Except Experiment A, ZT scores are within the range of 150~200 mm. 
  
Fig. 4. Smoke Layer Thickness based on the layer temperature distribution (Experiment A, E and G). 
3.2. Smoke layer thickness (ZCs) by optical smoke density meters 
We calculate the smoke layer thickness (ZCs) based on the two results which are measured by the optical smoke density 
meters of No. 11 and No. 12. If both results are evaluated as useful which the final voltage is indicated about 100 as same as 
the start one, we calculate the average ZCs. In the Experiment D, E, F and H, the data of No. 11 was not useful, therefore ZCs 
is calculated by No. 12 result only. The results of change by time on ZCs are shown in Fig. 5. Numbers in the parentheses of 
graph legends indicate the height of supply opening and the height of exhaust opening. The ZCs increases immediately after 
introducing the fire smoke, except of the results of Experiment D and G. And then the ZCs value keeps as same level from 50 
to 800 seconds after introducing the smoke. The ZCs result of Experiment G fluctuates widely after 50 seconds of 
introducing the fire smoke, but it seems that smoke layer height ZCs is almost stable at 250 mm. The ZCs result of 
559 Akizuki Yuki et al. /  Procedia Engineering  62 ( 2013 )  554 – 563 
Experiment D decrease as time advances. Compared with ZT by temperature distribution in Fig. 6 or our previous research 
results [3] by using white/black water solution, the movement of smoke particles are changing, therefore it is difficult to be 
stable which the plume of fire smoke is made by twelve cotton wicks. When the height of exhaust opening is same and the 
opening height of smoke supply is higher, the smoke layer thickness ZCs is thicker. As the opening height of smoke supply 
and the opening height of smoke exhaust is same, the ZCs is thicker, too. If the conditions of the opening height of smoke 
exhaust and supply are same, the ZCs does not depend on the fire source amount. The relations are shown in Experiment C 
and B, and Experiment F and H. 
 
(5-1) Cotton wicks=12                       (5-2) Cotton wicks=24                         (5-3) Cotton wicks=36 
Fig. 5. Smoke layer thickness calculated by optical smoke density meters. 
3.3. Comparison among three kinds of smoke layer thickness 
This paper treats three different methods to measure the smoke layer thickness. Most objective one is the calculation 
from optical smoke density meters ZCs. Fig. 6 shows two results of the comparisons of temperature distribution method 
results ZT and the visual observation method results Zeye against the optical smoke density meter method results ZCs. 
Numbers in the parentheses are number of cotton wicks, supply opening and exhaust opening heights. The figure indicates 
that ZT is constant throughout the different experiments while ZCs fluctuates. Experiment E shows good match, but 
experiment D does not show any match. Zeye is not done continuously so data is limited, but throughout the all experiments, 
13 cases out of 17 show match (within ±20%) with ZCs, and 17 cases out of 19 shows match with ZT, and 13 out of 17 show 
match among the three. So as previous study [5] indicates, visual observation is also proven valid.  
 
Fig. 6. Comparison of ZCs, ZT and Zeye. 
4. Relationship between luminous quantities and smoke layer properties 
4.1. Smoke layer properties (smoke layer thickness and optical smoke density) 
Figure 7 shows change by time of Cs, ZCs, and CsZCs (product of Cs and ZCs), in Experiments A-H. Numbers in the 
parentheses are number of cotton wicks, supply opening and exhaust opening heights. Every experiment shows the peak of 
Cs between fire start and 70 s, and then Cs decreases. Cs peak is more influenced by number of fire source than heights of 
openings. In Experiment H, the maximum value of Cs is as high as 2.63 m-1. Because our conditions make the smoke layer 
thickness even, CsZCs changes as Cs does, and its maximum value of is 0.481. 
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Fig. 7. Change by time of Cs, ZCs and CsZCs. 
4.2. Results of floor illuminance 
Experiments C and D have same fire source number, similar Cs and ZCs but different fire source size. Fig. 8 shows the 
floor illuminance distribution at the peak of CsZCs. Because of the difference of fire source size, the illuminance values are 
also different, but tendency is that both have the highest illuminance at the center and the illuminance decreases in a 
concentric fashion. That matches with the configuration factor's change of the light ceiling. Table 3 shows the configuration 
factor with regard to the position of illuminance meter in Fig. 2. 
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Fig. 8. Distribution of floor illuminance. 
Table 3. Configuration factor per positions of illuminance meters 
Position of illuminance meter (Fig. 2) 1,2,3,9,13,16,20,21 3,5,17,19 4,10,12,18 7,8,14,15 11 
Distance between center of light panel and meters (mm) 435.9 412.3 360.6 331.7 300.0 
Configuration factor Panel: 200 mm ×200 mm 0.0329 0.0409 0.0668 0.0894 0.1233 
Panel: 100 mm ×100 mm 0.0080 0.0100 0.0169 0.0233 0.0341 
 
Figure 9 shows change of illuminance at the five points (No. 11, 15, 12, 19 and 16 in Fig. 2) with the different 
configuration factors by time. The illuminance value of No. 11 (with the highest configuration factor) is the highest, and it 
becomes lower with lower configuration factor, but the relations among five points are even, and the illuminance change by 
time very stably. Also, the illuminance decreases after fire starts, but then increases as the optical smoke density decreases, 
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and comes back to the initial stage's illuminance. Because the illuminance range is dependent on the optical smoke density 
Cs and the smoke layer thickness ZCs, therefore we take Cs, ZCs and fire source size only as variables. 
It is widely known that light is absorbed and the floor illuminance decreases as Cs and ZCs increase, especially with black 
smoke. Our previous research [3] using water solution shows that with black particles, the relation is based on Lambert-Beer 
law, but with white particles and small Cs and ZCs, the floor illuminance does not change significantly, and only with greater 
Cs and ZCs, the floor illuminance decreases. This is a reflection of the balance between absorption and scattering within 
smoke layer. 
 
 
Fig. 9. Change by time of floor illuminance. 
In order to recognize the scattering of smoldering white smoke, we examine relations between Cs and floor illuminance 
at five points with different configuration factors (No. 11, 15, 12, 19 and 16) under same CsZCs condition in Fig. 10. 
Each experiment has the different monitor illuminance, so each floor illuminance is converted to the standard 
illuminance against monitor illuminance of 30,000 lx. Illuminance is usually denoted as logarithm, but this time denoted 
linearly, to express degree of change more clearly. Two different illuminance levels come from the different sizes of light 
source. Fig. 10 shows no change of floor illuminance in spite of Cs change, under same CsZCs, regardless of combination of 
Cs and ZCs. The relationship between CsZCs and floor illuminance, the floor illuminance decreases only negligibly when 
CsZCs increases from 0.05 to 0.25 by 0.05 margins. This occurs because of the influence of scattering under this condition. 
The results are consistent with different configuration factors over different measurement points of the floor illuminance. 
 
Fig. 10. Relationship between floor illuminance and CsZC. 
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4.3. Results of luminance 
Figure 11 shows change of those results by time. The luminance of center of light source (No. 11 of Fig. 2), the edge of 
light source (No. 15, light source size with 200mm), and the black ceiling (No. 15 and 16, light source size with 100 mm) 
are measured under non-smoke condition and the surface luminance on the smoke layer. Under every condition, the 
luminance of the center of light source and the edge of light show slight decrease after fire starts, but come back to the 
initial stage level as time passes. However the luminance of the black ceiling shows steep increase after fire starts because 
of smoke scattering, and later comes back to the initial stage level because of decrease of the optical smoke density. Increase 
of the surface luminance of the black ceiling on the smoke layer is less than 10 cd/m2 and is dependent on light source size, 
Cs and ZCs. The results also show the surface of the smoke layer has the luminance distribution. 
 
 
Fig. 11. Change by time of luminance on smoke layer surface. 
Figure 12 shows the relationship between the surface illuminance and CsZCs. Each experiment has different monitor 
illuminance, so each floor illuminance is converted to standard illuminance against monitor illuminance of 30,000 lx. 
Luminance is usually denoted as logarithm. But this time denoted linearly, to express degree of change more clearly. The 
different plots within Fig. 12 indicate different light source size. The surface luminance on the smoke layer under the light 
source center decreases as CsZCs increases, indicating smoke’s absorption. The surface luminance is overlapped with 
scattered particles, but the attenuation caused when going through smoke layer is greater than that, resulting decrease of 
luminance. On the other hand, the surface luminance of the smoke layer under the black ceiling increases with higher CsZCs. 
This is direct measurement of scattering luminance of smoke layer, and this is very small (less than 10 cd/m2 under the 
condition of CsZCs<0.6. 
 
Fig. 12. Relations between CsZCs and luminance on smoke layer surface. 
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5. Conclusions 
This paper examines the relationship between smoke layer properties and luminous quantities such as floor illuminance 
and surface luminance of the smoke layer by conducting photometrical model experiments under smoldering smoke.  
Floor illuminance and surface luminance on the smoke layer changes according to the size of light source, the distance 
between light source and the observed location, the smoke layer thickness ZCs and optical smoke density Cs.  
Greater Cs and ZCs increases scattering volume of white smoke from smoldering fire, and extent of the increase is 
affected by size of light source and measurement points of floor illuminance.  
The smoke layer surface has luminance distribution, and the surface luminance of the smoke layer at the point under the 
light source center decreases with greater CsZCs, but the surface luminance under black ceiling increases with greater CsZCs 
(under our experiment condition, less than 10 cd/m2). 
Scattering within smoldering smoke layer can be advantageous, with regard to maintenance of floor illuminance below 
smoke layer, but it causes the veiling in luminance distribution of visual field, so it is disadvantageous in that luminance 
contrast is decreased when an evacuee tries to see signs from the distant place. This experiment is conducted under limited 
condition of CsZCs<0.6, so further study including higher CsZCs is necessary to construct basic data for fire evacuation 
simulation. 
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